Abstract: The objective of this paper is to evaluate the penetration and accumulation of SiO 2 nanoparticles (NPs) in vitro human placental tissue as a function of NP size and electroporation (EP) and microneedle (MN) treatments. The results show that the penetration and accumulation of SiO 2 NPs has a significant influence on the optical properties. Optical coherence tomography (OCT) monitoring and diffuse reflectance (DR) spectra measurements indicate that 30 nm SiO 2 NPs have a tendency to generate greater signal intensities, while 15 nm NPs penetrated faster and had a higher penetration depth. The reduction in average attenuation coefficients of human placental tissue when the SiO 2 NPs size is constant is found to show the following trend: SiO 2 NPs in combination with EP and MN treatment > SiO 2 NPs in combination with MN > SiO 2 NPs with EP > only SiO 2 NPs. It can be concluded that EP and MN treatments dramatically increase the penetration of SiO 2 NPs into human placental tissue. The results prove that OCT and DR spectra can be combined with EP and MN treatments to establish a theoretical basis for the safe use of SiO 2 NPs on human placental tissue and can potentially become a powerful tool for early diagnosis and monitoring of tissue diseases.
Introduction
Nanoparticles (NPs) exhibit unique physical and chemical properties and have received increased attention in recent years because of their potential utility in numerous physical, biological, biomedical, and pharmaceutical applications [1] , [2] . Recent observations in biotic systems suggest that particle size can affect the nonspecific uptake of NPs into tissue by influencing the adhesion interactions with tissue [3] , [4] .
Silica is a widely used nanomaterial in industrial applications such as catalysis, pigments, pharmaceuticals, food additives, electronics, and thin film substrates, because of its facile production and relatively low cost [5] - [7] . Nano-silica can float in air and enter the human body through the respiratory system, skin contact, injection, interventional therapy, or other routes [8] , [9] . Once inside the body, silica NPs can enter areas such as liver tissue, lung tissue, and placental tissue through blood circulation [10] - [12] . If pregnant women are exposed to nano-silica during pregnancy, the particles can cross the placental barrier and enter into the fetus. Furthermore, nano-silica can accumulate in the placental tissue and affect fetal development [13] , [14] . In addition to playing a fundamental and essential role in fetal development, nutrition, and tolerance, the human placenta may also represent a reserve of progenitor cells. Furthermore, the placenta, which is involved in maintaining fetal tolerance, contains cells that display immunomodulatory properties [15] , [16] . Therefore, it is important to study the effect of penetration and accumulation of silica NPs on human placental tissue.
Silica NPs are known to exhibit distinctive optical properties [17] . Therefore, the optical properties of human placental tissue will change as a result of penetration and accumulation of SiO 2 nanoparticles. Several imaging techniques have been applied to study the permeation and accumulation of NPs in biological tissues, including magnetic resonance imaging (MRI), optical projection tomography (OPT), and optical coherence tomography (OCT) [18] - [22] . OCT, a noninvasive technology for micro-structural imaging of biological tissues, has many advantages over other popular imaging systems such as X-ray and magnetic resonance imaging. The benefits include greater safety, lower cost, and enhanced contrast and resolution [23] , [24] . Consequently, it has been used to quantify the permeability of a hyper-osmotic agent in atherosclerotic vascular tissue, cancerous gastric tissue, breast cancer tissue, sclera, and skin tissues under both ex-vivo and in-vivo experimental conditions [25] - [28] .
Another noninvasive method widely used in monitoring analyte concentrations in tissue and investigating tissue optical parameters is measurement of diffuse reflectance [29] , [30] . The technique is rapid, cost effective, requires minimal sample preparation, can be utilized in situ, and is non-destructive. Furthermore, no hazardous chemicals are used, and most importantly, several properties can be measured from a single scan [31] . Taking into account the strengths of the above methods, we decided to use OCT and diffuse reflectance to monitor the process of SiO 2 NPs penetration and accumulation in human placental tissue in this paper.
To further investigate the interactions between SiO 2 NPs and human placental tissue, we also made use of a new physical combination method which uses both a microneedle roller and electroporation to change tissue status. This method can improve the penetration of SiO 2 NPs into human placental tissue. At present, diagnostic and therapeutic technologies that exploit commonly used micro and NPs for medical applications remain a subject of intense research [32] . Most biotherapeutics and vaccines are injected using a hypodermic needle. The microneedle can also be employed for this task, and can be used to introduce NPs into human tissue [33] . Electroporation is a microbiology technique in which an electrical field is applied to cells in order to increase the permeability of the cell membrane, allowing chemicals, drugs, and DNA to be inserted into the cell [34] .
In order to assess the interactions between SiO 2 NPs and human placental tissue, in this study we continuously monitored two SiO 2 NPs samples with different particle sizes as they penetrated and accumulated in placental tissue. As mentioned above, monitoring was done with OCT and diffuse reflectance measurements. In addition, microneedle treatment and electroporation were used to enhance the number of SiO 2 NPs penetrating into the tissue, and the effects were studied. 
Materials and Methods

OCT System and Diffuse Reflectance Spectra
In this paper, we used a portable spectral domain OCT system with a central wavelength of 840 nm, bandwidth of 80 nm, in-depth resolution of 7.8 μm, and lateral resolution of 30 μm. Imaging depth range was 1.8 mm, and the line rate was 36 kHz. The operation of the OCT scanner is completely automated and controlled by a portable personal computer. Two-dimensional OCT images were obtained every second during the experiment and stored in the computer for further processing. The OCT system was manufactured by Shenzhen MOPTIM Imaging Technique Co., Ltd., China. Schematic diagram and image of the OCT system are presented in Fig. 1 (a) and (c), respectively. Further details can be found in [35] .
An optical fiber spectrometer (Ocean Optics, USA, model: USB 4000) was used for the diffuse reflectance measurements. This system consists of a light source and a fiber-optic probe. The spectral range of the diffuse reflectance spectra was from 400 to 1000 nm. The fiber-optic probe consists of seven fibers with an internal diameter of 0.4 mm and a numerical aperture of 0.2 mm. The central fiber is used for collecting the spectra, and the six surrounding fibers are used for illumination. The distance between the centers of the collection fiber and illuminating fibers was 2.25 mm. Each tissue was placed in a quartz cuvette and attached to its inner wall. The probe was placed at a distance of 2.0 mm from the tissue surface. Raw measurement data were stored in the computer for further processing. Schematic diagram and image of the optical fiber spectrometer are shown in Fig. 1 (b) and (d), respectively.
Experimental Preparation
A total of 36 human placental tissue samples were obtained from 36 pregnant women immediately after delivery. The study protocol was approved by the Ethics Committee of the First Affiliated Hospital of Sun Yat-Sen University and signed informed consents were obtained from all 36 pregnant women. The tissues were immediately washed with normal saline solution to eliminate excess surface blood after the excision. Then, the tissue samples were stored in a saline container with minimum delay, sealed to prevent spontaneous dehydration, and shipped to the laboratory. Each placental tissue sample was cut into 1.2 cm 2 portions and thawed to room temperature before conducting the investigations.
SiO 2 NPs (Aladdin Chemistry Co, Ltd, Shanghai, China) with average diameters of 15 and 30 nm were used in this work. Transmission electron microscopy (TEM) images of the NPs are given in Fig. 2 . A NPs solution was obtained by suspending the SiO 2 NPs powder in distilled water at room temperature at a concentration of 4.0 mg/ml −1 . Before the OCT and reflectance spectra measurements, the solution was sonicated for 15-min in order to avoid aggregation.
Microneedles and Electroporation
In this research, we used a microneedle apparatus with 192 needles. An image of the microneedle apparatus is given in Fig. 3(a) . The diameter and length of the microneedles are approximately 0.25 mm and 2.0 mm, respectively. In this work, we applied the microneedle roller for 15 times on the human placental tissue samples.
Electroporation with a frequency of approximately 50-60 MHz and a power of 160 W was applied to the samples immediately after application of the NPs suspension. The pulses were generated by a Dimei medical beauty instrument (Guangzhou, China). The diameter of the probe was approximately 1.1 cm. During electroporation, the probe was immersed in applied physiological saline with sufficient contact pressure. The electroporation instrument is displayed in Fig. 3(b) .
Data Processing
We calculated the attenuation coefficient of human placental tissue from changes in the optical signal intensity during the penetration and accumulation of SiO 2 NPs. The optical attenuation coefficient of the tissue can be quantified from the intensity of the detected light versus the depth. For media with an absorption as described by the single-scattering approximation, the light travels in a ballistic way and Beers law can be applied to calculate the total OCT attenuation coefficient: μ t = μ a + μ s , where μ a is the absorption coefficient and μ s is the scattering coefficient. These are physical properties unique to the biological tissue, which play a vital role in the assessment of the tissue feature. In this current OCT system case, the measured signal is defined as [36] , [37] , [40] :
where i 2 (z) the photo detector heterodyne signal is current received by the OCT system from the probing depth z and i 2 0
is the mean square heterodyne signal. The result of the OCT study is the measurement of optical backscattering or reflectance R (z) ∝ i 2 (z) 1 2 from a tissue versus axial ranging distance or depth, z. The reflectance depends on the optical properties of the tissue, i.e. the total attenuation coefficient μ t . Thus, combined with equation (1) and R(z) it follows that the reflected power is approximately proportional to -μ t z in exponential scale according to the single scattering model
where I 0 is the optical power launched into the tissue sample, and a(z) is the reflectivity of the tissue sample at the depth of z. Therefore, measurement of OCT reflectance for depths z 1 and z 2 allows for the approximate evaluation of the attenuation coefficient and its temporal behaviour. This evaluation is due to the reduction of the tissue scattering coefficient at the nanoparticles penetration and accumulation if reflectivity a(z) is considered as weakly dependent on depth for a homogeneous tissue layer. The derivation of the formulas can be found in the literature [36] , [37] . The attenuation coefficient μ t can be theoretically obtained from the reflectance intensity measurements at two different depths z 1 and z 2 :
where z = |z 1 − z 2 |, and R (z) is the reflected power. Fig. 4 shows an example for calculating the attenuation coefficients of the human placental tissue based on the changes in optical intensity during the penetration and accumulation of SiO 2 NPs. The 'region of interest' in the exponential best fit curve was used to calculate the attenuation coefficient. The region of interest ranges from a depth of 150 μm to a depth of 300 μm, where the OCT signal intensity shows a smooth decrease. The data from the human placental tissue samples are given with the standard deviation values calculated by SPSS 10.0 software paired-test. The p < 0.05 value indicated high difference.
Results and Discussion
The main aim of this research was to monitor the influence of SiO 2 NPs of different sizes penetrating human placental tissue in vitro, under electroporation (EP) and microneedle (MN) treatment, by measuring changes in the tissues' optical properties using OCT imaging and diffuse reflectivity spectral measurements. Fig. 5 illustrates the exponential best-fit curves for normalized OCT signal intensities, taken 180 min after treatment, of the placental tissues treated with saline, EP, MN, and EP/MN (the measurements were taken after the penetration has reached equilibrium). In the control groups for saline, EP, MN and EP/NM, the OCT signal intensity curves do not change with time. In the samples treated with SiO 2 NPs, the most pronounced changes are increases of the OCT signal intensity and imaging depth over time. This phenomenon is due to the accumulation of SiO 2 NPs in the human placental tissue. This implies that the backscattering intensity of human placental tissue becomes stronger after the application of SiO 2 NPs. The main reason for this is that SiO 2 NPs have strong backscattering and the penetration of SiO 2 NPs increases the backscattering of the human placental tissue with time [38] , [39] . As seen in Fig. 5(a) , the exponential best-fit curve of the normalized OCT signal intensity of the control is the lowest. The signal intensity of human placental tissue treated for 15 nm with SiO 2 NPs is stronger. The sample treated with 30 nm SiO 2 NPs has an even greater intensity below 330 μm but is lower than the signal from the sample treated with 15 nm SiO 2 NPs at depths over 330 μm. Similarly, among the samples shown in Fig. 5(b) ,the exponential best-fit curve of normalized OCT signal intensity of the control is the lowest. The next highest signal intensity is from tissue treated with 15 nm SiO 2 NPs in combination with MN, and this is in turn less than for the sample treated with 30 nm SiO 2 NPs combined with MN below 370 μm. However, the signal intensity of samples treated with 15 nm SiO 2 NPs combined with MN is marginally higher than those treated with 30 nm SiO 2 NPs combined with MN at depths over 370 μm. The trends observed in Fig. 5(c) and (d) are the same as in Fig. 5(a) and (b) . From Fig. 5 , we can come to the conclusion that while 30 nm SiO 2 NPs tend to produce a greater signal intensity, 15 nm NPs penetrate faster and have a higher penetration depth in human placental tissue. The human placental tissue treated with either EP or MN generates much stronger OCT signal intensities than untreated tissue. This trend arises due to the effects of EP and MN, which promote penetration of SiO 2 NPs into human placental tissue. Fig. 6 illustrates the dynamic intensity changes in the diffuse reflectance spectra of the human placental tissue samples after they were topically treated with 15 nm or 30 nm SiO 2 NPs, a combination of 15 nm or 30 nm SiO 2 NPs and EP, a combination of 15 nm or 30 nm SiO 2 NPs and MN, and a combination of 15 nm or 30 nm SiO 2 NPs and EP/MN. The spectra were collected 180 min after treatment, and cover the wavelength range 400-1000 nm. From Fig. 6 , it is evident that human placental tissue exhibits prominent absorption bands at wavelengths of approximately 416 nm, 543 nm, and 578 nm [40] . It can be seen from Fig. 6(a) that the average intensity (in the 400-1000 nm range) of the diffuse reflectance spectra of human placental tissue treated with 15 nm SiO 2 NPs in combination with EP/MN is higher than the intensities of tissue samples treated with 15 nm SiO 2 NPs in combination with MN, 15 nm SiO 2 NPs in combination with EP, or 15 nm SiO 2 NPs alone. As seen in Fig. 6(b) , samples treated with 30 nm SiO 2 NPs also exhibit similar trends, which arise due to the effects of EP and MN. As mentioned above, these treatments make biological tissue more permeable, and allow more SiO 2 NPs to penetrate into human placental tissue. The penetration effected by a combination of EP and MN is more effective than MN alone, while the latter is more effective than EP. In addition, Fig. 6(a) and (b) suggest that for the samples treated just with NPs, the diffuse reflectance spectral intensity after 180 min is greater in the case of 30 nm SiO 2 NPs when compared to 15 nm SiO 2 NPs. The same trend is observed in the samples treated with SiO 2 NPs in combination with EP, SiO 2 NPs in combination with MN, and SiO 2 NPs in combination with EP/MN. This may be caused by the fact that the 30 nm SiO 2 NPs exhibit larger backscattering than 15 nm SiO 2 NPs, and thus generates a higher intensity in the diffuse reflectance spectra.
To further corroborate the above findings, the attenuation coefficients of the human placental tissue samples were calculated on the basis of the changes to optical intensity. The selected tissue depth region was from 150 to 350 μm, where the OCT signal intensities show comparatively smooth changes. Fig. 7 summarizes the evolution of the attenuation coefficients of human placental tissue samples that were topically treated with 15 nm or 30 nm SiO 2 NPs, either alone or in combination with EP, MN or EP/MN treatments. As seen in Fig. 7(a) 
Conclusion
In this paper, we investigated the dynamic changes brought about by penetration and accumulation of SiO 2 NPs with two different sizes in human placental tissue. The changes were observed using OCT imaging and diffuse reflectance spectral measurements. In addition, the influence of EP and MN treatments on SiO 2 NPs penetration was investigated. Our results show that after application of SiO 2 NPs, the OCT signal intensity of human placental tissue increases over time. The larger SiO 2 NPs generate greater OCT signal intensity, while the smaller SiO 2 NPs tend to penetrate deeper and faster into human placental tissue. Moreover, when the NPS size is kept constant, EP and MN enhance NPs penetration and accumulation in human placental tissue. It was also found that the smaller NPs can effect a larger decrease in the attenuation coefficients of the human placental tissue. Overall, we have demonstrated that the OCT technique and DR spectra can be helpful tools for monitoring NPs accumulation in biological tissue. While this study evaluates SiO 2 NPs accumulation in placental tissue, future studies on the impact of SiO 2 NPs on other types of tissue are necessary in order to fully evaluate the potential side effects of this material.
